For a communication system to be stable, senders should convey honest information. Providing dishonest information, however, can be advantageous to senders, which imposes a constraint on the evolution of communication systems. Beyond single populations and bitrophic systems, one may ask whether stable communication systems can evolve in multitrophic systems. Consider cross-species signalling where herbivore-induced plant volatiles (HIPVs) attract predators to reduce the damage from arthropod herbivores. Such plant signals may be honest and help predators to identify profitable prey/plant types via HIPV composition and to assess prey density via the amount of HIPVs. There could be selection for dishonest signals that attract predators for protection from possible future herbivory. Recently, we described a case in which plants release a fixed, high amount of HIPVs independent of herbivore load, adopting what we labelled a 'cry-wolf' strategy. To understand when such signals evolve, we model coevolutionary interactions between plants, herbivores and predators, and show that both 'honest' and 'cry-wolf' types can emerge, depending on the assumed plant-herbivore encounter rates and herbivore population density. It is suggested that the 'cry-wolf' strategy may have evolved to reduce the risk of heavy damage in the future. Our model suggests that eco-evolutionary feedback loops involving a third species may have important consequences for the stability of this outcome.
Introduction
Organisms often exchange information between and within species via shapes, colours, sounds, gestures or odours. Such communication systems can evolve when both sender and receiver of the signal benefit from exchanging information on average [1, 2] ; however, the sender may sometimes also benefit from giving false information to the receiver [3] . If such behaviour becomes sufficiently common, receivers will be selected to ignore the signal, and the signal will lose its meaning. For a signalling system to be maintained, so that senders provide sufficiently honest information, cheaters must be selected against via some mechanism.
The crucial question of how signals retain their honest meaning [3] [4] [5] [6] [7] has been addressed in studies of sexual selection, where females choose mating partners based on a signal produced by males (ornament, behaviour or song) that thus advertises their potential qualities. We may ask what prevents males from signalling higher qualities than they actually have [8] . Zahavi [6] verbally hypothesized that if the honest male trait is costly, each male will produce the signal it can only just afford: the so-called handicap principle. Later, Grafen [7] supported this hypothesis with a game-theoretical approach. Zahavi's handicap principle is a general & 2015 The Author(s) Published by the Royal Society. All rights reserved.
mechanism that is applicable to many signalling systems. Evidence for signal costs [1] , however, is often ambiguous, calling the relevance of the handicap principle into question. Nevertheless, here we will use the handicap principle as a starting point.
Communication can play a decisive role in communities via information exchanges among trophic levels [9] [10] [11] [12] . A particularly interesting case is that of communication in tritrophic systems, involving plants, herbivorous arthropods and their natural predators [12 -14] . Plants under attack by herbivorous arthropods are induced to release herbivorespecific (and plant-specific) blends of volatile chemicalsherbivore-induced plant volatiles (HIPVs)-which attract predators that, in turn, act as 'bodyguards' of the plants. In such systems, the plants provide information about herbivores to potential bodyguards, and the question arises why this information should be honest. It is well known that the release of HIPVs can be associated with three types of cost for an individual plant [9, 10, 12, 15] . First, there are direct physiological costs incurred during HIPV production [15, 16] . Second, there are ecological costs that result when HIPVs attract not only predators, but also harmful herbivores [11, 12, [16] [17] [18] [19] . Third, there are relative costs that result when unrelated neighbouring plants also benefit from herbivore avoidance or predator guarding, but do not pay direct or ecological costs [9] . Because the quantity of HIPVs produced is frequently orders of magnitude lower than other plant emissions used to attract insects, such as those emitted from flowers, the upper boundary to HIPV emission has been considered to be set by ecological, rather than the biosynthetic costs of emission [20] [21] [22] . How relatedness affects costs and benefits is unclear in nature, although it should be noted that relatedness can be negligible in a well-mixed population.
In HIPV systems, lightly infested plants may be selected to cheat predators by sending an exaggerated signal, 'pretending' they are heavily infested and have a strong need to be rescued. The question is how such deception can be maintained by natural selection, as it seems to be in conflict with the predictions of handicap theory [3, 10] . Although HIPVs might have various types of (nonlinear) costs that might make the signal honest, it is also the case that the system we consider does not match the situation typically assumed by the handicap theory. Most importantly, the relationship between the intensity of an HIPV signal and its ecological cost (and also the relative cost) is dependent on the mode of reaction of herbivores to the signal, unlike in typical handicap systems, in which the relationship between the intensity and cost of the signal is fixed. In addition to this, the relationship between cost and quality is not simple in HIPV systems. The quality of a plant for predators depends on the number of herbivores ( prey) on it, whereas the cost of the signal (HIPV) must be measured as the total reduction of the plant lifetime reproductive success. Moreover, as we will argue here, the costs may be modified or modulated by third parties, such as the herbivores that use the HIPVs for their own benefit. The consequences of signal use by such unintended receivers are as yet unexplored. Because of these complicating factors, the HIPV system necessitates extensions of the handicap theory.
Studying HIPVs in tritrophic systems composed of cabbage plants and a number of herbivorous and predatory arthropods, Shiojiri et al. [2] found that plants may significantly alter their strategies of HIPV release, depending on the herbivore species they interact with. These authors examined the production of volatiles by cabbage plants (Brassica oleracea var. capitata, cv Shikidori) as a function of varying damage levels from either cabbage white butterfly larvae (Pieris rapae) or diamondback moth larvae (Plutella xylostella). These HIPVs are known to attract specific parasitoids: Cotesia glomerata and Cotesia vestalis, respectively. Under heavy damage from herbivory, the response does not significantly differ between the two herbivore species; however, at a low level of damage, the amount of chemicals released is low with the cabbage white butterfly, but high with the diamondback moth (figure 1). Moreover, with the cabbage white butterfly, the amount of HIPVs increases with cabbage white density, but with diamondback moths the amount of HIPVs stays constant irrespective of their density. Thus, the signal associated with cabbage whites includes information about herbivore density, whereas the signal associated with diamondback moths only gives information on the presence or absence of the herbivore. This is in contrast to the honest signal predicted by handicap theory. Shiojiri et al. called this discrete jump of the plant to maximal alarm a 'cry-wolf' signal [2, 5] , because even a slight level of herbivore damage leads to the maximum signal.
Once a herbivore-attacked plant emits alarm signals that act as attractants to the natural predators of the attacking herbivores, this information is publicly available, and other organisms in the arthropod community can try to make good use of it. One may expect two types of community responses to alarm-sending plants: (i) herbivores that share the same natural enemies may avoid signalling plants, or (ii) they may actually use the alarm as an indication that there is food to obtain, which will be certainly the case if the herbivore is of another species that is not attacked by eventual predators. If there are many 'cry-wolf' signallers, it may be beneficial for herbivores to evolve attraction towards signalling plants: predators are less likely to respond, and the signal points to a potential resource. The empirical evidence to date suggests that herbivores tend to avoid alarm-sending plants [2, 12, 17] , but it is too early to conclude that this is a general pattern. A theoretical investigation of the conditions favouring different signalling responses can contribute to understanding the evolution of signalling systems. In this article, we model the coevolution of plants, herbivores and predators to investigate when 'cry-wolf' signals may emerge and how they affect the evolution of the signalling system when not only the predators, but also the herbivores may respond. For simplicity, we consider only one possible level of predators and three levels of damage by herbivory: none, low or high. Plant strategies specify the intensity of signalling for each of these three conditions, and as we consider that herbivore and predator both may respond to the plant signals, we analyse the evolution of five traits in three interacting populations.
Mathematical model
We investigate the evolution of five traits: three types of signal intensities of the plant, and the responses of a herbivore and a bodyguard to the signals. Our model tracks four plant states depending on the presence of herbivore and predators: plant alone (S 0 ), plant with a single herbivore (S 1 ), plant with two herbivores (S 2 ) and plant with a predator (S B ). These states occur with frequencies Q 0 (t), Q 1 (t), Q 2 (t) and Q B (t) at each moment, respectively. We denote the densities of free herbivores and predators in the overall habitat as H and B respectively, which are assumed to be fixed parameters of the environment.
The plant's strategy consists of a particular amount of HIPVs released in each state S i , to which both herbivores and predators independently respond. The encounter rates p i between herbivore and plant in the S i state (i ¼ 0, 1) thus depend on the strategies of both plant and herbivore. We assume they depend on the product of the intensity of the signal, which we will denote x i , and the herbivore's sensitivity to the signal, denoted y. Similarly, the encounter rates u j between predators and plants in the S j state ( j ¼ 0, 1, 2) are also determined by the signal intensity of the plant (x j ) and sensitivity of the predator (denoted z). The encounter rates can depend in many ways on signal production and sensitivity, but for simplicity, we will suppose they have the following form:
ð 2:1aÞ and
where p b and u b are a plant's baseline rates of encounter with herbivores and predators, respectively (i.e. in absence of any signal). It should be remarked that we assumed x B ¼ x 0 due to no herbivory in both S B and S 0 states, although any encounters to a plant in the S B state do not change its status. The state of a plant changes when: a herbivore or predator arrives, with rates p i (i ¼ 0, 1) and u j ( j ¼ 0, 1, 2), respectively; a herbivore departs, with rate m; a predator departs, with rate v (figure 2 and table 1). We assume that when an adult herbivore encounters a suitable plant it will oviposit on it, the egg immediately hatches, and then the insect larva stays and feeds on the plant until it matures (and leaves). The residence time of the herbivore on the plant is an exponential process. A larva matures and leaves the plant with an instantaneous rate m when predators are absent, and the larval stage is 1/m time units on average on a plant (with a variance of 1/m 2 ). Upon arrival, the predator immediately kills all herbivores that are present (up to two) and then stays for a period as a 'bodyguard', given by an exponential distribution with leaving rate v. During this period, the plant is protected as it cannot be infested by herbivores. Note that while this is in the interest of the plant, it is not in the interest of the predator as it will capture no prey during this period, so the interaction between plant and predator is a mixture of cooperation (both benefit when prey are killed) and conflict (the plant still benefits, whereas the predator pays an opportunity cost once the prey have been killed). Of course, if herbivores alight on a protected plant, the bodyguard predator may benefit, but we will assume this is rare and this contribution to predator fitness can be ignored.
This set of assumptions leads to a system of differential equations that describes how the probability distribution of a given plant's status changes over time:
ð2:2Þ
Because all transition processes of equation (2.2) are linear functions of state probabilities, the model is a standard Markov chain, which implies that the equilibrium of probability distribution of the states of a plant can be easily solved, and are given by
no herbivore (probability Q 0 ) one herbivore (probability Q 1 ) predator (probability Q B ) two herbivores (probability Q 2 ) 
Sufficiently long after the start of the season, the expected equilibrium distribution of the state of an individual plant can be considered to have asymptotically converged to this equilibrium state. and 2 herbivores, respectively (variables with primes refer to the mutant, variables without refer to the resident). Because the density of free herbivores and predators is fixed, the state distribution of a plant individual is determined only by its own signalling strategy and the resident strategies of herbivores and predators, independently of that of resident plants.
Considering the negative effects of both herbivory damage and costs of signalling, the fitness of a mutant plant can be expressed as ). We assume that the plant always releases a level x b independently of its state, and that the cost of the signal above this level accelerates (we assume, for simplicity, quadratically). The overall cost reduces fitness with a coefficient c x . Note that with these assumptions, the marginal cost of the baseline signal is zero, so that our model will never predict no signalling as an outcome; whether a signalling strategy is honest or cheats thus depends only on whether the signal contains information about prey density or not.
(b) Predator fitness
Next, we express the fitness of a mutant predator with strategy (sensitivity to signal) z' in a resident population of predators with strategy z. According to equation (2.3b), the sensitivity of a predator to the signal determines its encounter rates with plants with no herbivores, a single herbivore and two herbivores, which we denote u 0 (z'), u 1 (z') and u 2 (z'), respectively.
Using this notation, the fitness of the mutant predator can be derived from 
where N is the overall density of plants (assumed to be constant). It should be noted that u B (z 0 ) ¼ u 0 (z 0 ) because there is no herbivore on a plant in the S B state. In this equation, k i is (2.5) is the cost of sensitivity with a coefficient c z (also assumed quadratic for simplicity).
(c) Herbivore fitness
Finally, we calculate the fitness of a mutant herbivore with sensitivity to signal y' in a resident population of a wild-type herbivore with y. We denote the herbivore benefit as the expected time for offspring until it matures and leaves the plant without predator attack. This means that if the herbivore stays longer on the host plant, it can achieve a higher reproductive success owing to the accumulation of more resources, under the constraint of a fixed maturation rate m. We thus assume that there is no competition between herbivores on a plant. As described in electronic supplementary material, appendix A, combining calculations of ultimate survival probability and waiting time until maturation, we derive the expected times for offspring to maturation without predator attack as
ð2:7aÞ
for the herbivores in the states S 1 and S 2 , respectively. The reproductive success of herbivores is proportional to the expected residence times of their larvae on the plants (which correspond to their size at maturity). Because a female herbivore with sensitivity y' is attracted to and oviposits on host plants of state S i (their density is NQ Ã i ) with encounter rate p i ( y'), respectively (i is either 0 or 1), the average fitness of herbivore can be written as
where the last term represents the cost of sensitivity, which we assume to be proportional to the square of the trait value with a coefficient c y . In equation (2.8), we assume that herbivores never oviposit on plants with a predator, nor if two herbivores are already present.
(d) Numerical analysis
Using these fitness functions, we can work out how the intensities of the signals of the plants (x 0 , x 1 , x 2 ), the sensitivity to the signal for the herbivore ( y) and the sensitivity to the signal for the bodyguard predator (z) evolve by calculating the appropriate selection gradients. As solutions cannot be derived analytically due to the complexity of the equations, we analyse the evolutionary solution numerically, by combining a quantitative genetic approach [23] and an adaptive dynamics approach [24, 25] (see electronic supplementary material, appendix B). Moreover, the system under consideration has many parameters, so that it is difficult to examine properties of the evolutionary process over the entire parameter space. Therefore, we study parameter dependencies of the evolutionary equilibrium around a standard parameter set that is arbitrarily selected. To avoid considering unrealistic parameter combinations, we assume that the maturation rate of the herbivore (m) is much smaller than the leaving rate of the predator (v), which ensures that the staying time of a predator on a plant tends on average to be much shorter than the average larval period of the herbivore. We assessed the robustness of the conclusions to some degree by studying parameter sets other than the standard set. It should be noted that-in all cases we studied-the equilibria satisfy convergence stability and evolutionary stability for both herbivore and predator strategies; that is, evolution always produced a single and unique evolutionarily stable strategy (ESS) for these trophic levels. (Note that-for the plant strategy-we need not consider this point owing to the absence of interaction between mutant and resident plant individuals, and we can focus on the optimal strategy given the ESS values of y and z; see also equation (2.4)).
Standard parameter values that are used in the analysis are given in table 1. In order to characterize the plant response to herbivores, we define an honesty index of plant signals, I ps ¼ (x 1 -x 0 )/(x 2 -x 0 ), which can vary from 0 to 1. It is 0.5 for fully honest signals and 1 for cry-wolf signals (figure 1). When I is close to one, the signal contains little information about the density of herbivores other than their presence, which implies a cry-wolf-like response. We set the level that separates honest from cry-wolf signals at 0.75.
Results
Our analysis shows that under our standard set of parameter values a cry-wolf signal will evolve, but this set is obviously rather arbitrary. We therefore set out to explore the parameter changes that would favour the evolution of honest signals (i.e. I ps close to 0.5), keeping x Ã % x 1 Ã ( x 2 Ã ; the honesty index I ps goes to zero). We therefore call this the 'threshold ' strategy (see also figure 1 ). Here too, it may be critical to consider the full range of parameters. Figure 3c also shows that predator density (B) has more complex effects on strategies, in which increasing density causes evolution of higher plant signals (x Ã i : i ¼ 0, 1, 2) and lower rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20152169 sensitivity of the herbivore ( y*), and unimodal change of sensitivity of the predator (z*).
We also examined effects of other parameters on the coevolution of the three species (see electronic supplementary material, figures S1 and S2). According to the analysis, we can conclude that signal levels of plants (x Ã i : i ¼ 0, 1, 2) tend to be positively correlated with the sensitivity of the predator to those levels (z*). This correlation can be explained by efficiencies of those traits. If the plants reduce signal levels (small x Ã i ), for example owing to higher costs (large c x ; see electronic supplementary material, figure S1a), the sensitivity of predators is less likely to produce a benefit, which may therefore result in a decrement of predator sensitivity (small z*) to save costs. Similarly, if the predators reduce their sensitivity (small z*), for example owing to higher costs (large c z ; see electronic supplementary material, figure S1c), the plant signal becomes less effective, decreasing the signal levels (small x Ã i ). The correlation between the plant signals (x Ã i : i ¼ 0, 1, 2) and sensitivity of the herbivore (y*) is mostly negative, but sometimes it is positive (see electronic supplementary material, figure S2b). This is because the strong attractiveness of plants for predators suppresses herbivore responses to the signal.
Discussion (a) Ecological cost of signals with multiple receivers
A first condition for signalling systems to evolve is that information exchange provides advantages for both the sender and receiver of signals. The signals may, however, also be detected rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20152169
by third parties (eavesdroppers), which can result in a disadvantage, especially for the sender. For example, male ornaments or songs attracting females can also attract predators. In the context of plant-arthropod interactions, HIPVs may not only attract beneficial predators, but also herbivores, which can be called an 'ecological cost' of signals [19] . This type of cost may be widespread as signals often provide public information accessible by multiple receivers. The effect of multiple receivers on signal evolution has been investigated both conceptually and theoretically [26, 27] . These studies tended to focus on interactions among senders, receivers and eavesdroppers, ignoring variation in the states of the senders; however, in signalling evolution, considering variation in the states of senders (e.g. qualities) is essential as this is the first step that determines the content of the signal. This study is a first attempt, to the best of our knowledge, to analyse the coevolutionary processes of a signal system that involves senders, mutualistic receivers and antagonistic receivers (eavesdroppers), explicitly considering the variation among signallers.
To highlight the effect of eavesdropping by third parties, we conducted a supplemental simulation in which the herbivores never respond (i.e. y is fixed at zero), so that there are no ecological costs for plants. The result shows that when herbivores do not respond, the cry-wolf response tends to be intense (compare electronic supplementary material, figures S1 and S3, with identical conditions apart from herbivore sensitivity). This result thus suggests that the herbivore response may constitute an ecological cost that suppresses cry-wolf signals. It is therefore important to consider the roles of potential, but non-intended receivers of a signal when studying the evolution of signalling strategies.
(b) Implications of the model
This study shows that whether honest or cry-wolf types of plant responses will evolve may depend on the baseline encounter rate between plants and herbivores ( p b ), and the herbivore density (H ) (figures 3a,b and 4). A cry-wolf response may emerge under heavy herbivory, because it calls for predators even under a low level of damage (S 1 ), allowing a plant to avoid heavy damage (S 2 ) in the future. (That p b and H have similar effects could be anticipated, because both positively influence encounter rate.) From this result, it may be expected that a smaller herbivory risk suppresses cry-wolf responses, but it should not disappear altogether, as the feedback mediated by the herbivore should remain active (as discussed above). Thus, herbivore responses may play a key role in the evolution of honest plant signals. This is an important result, because usually only binary (i.e. plant -predator) interactions are considered in evolutionary hypotheses.
It should be noted that in the present model herbivores do not oviposit on plants with two herbivores. This also reduces the herbivore-mediated feedback loop, allowing plants with two herbivores to emit relatively high levels of signal (x 2 ). We therefore predict that when there is no upper limit to the number of herbivores that can attack a plant, signalling would continue to increase the risk of herbivory, and the associated ecological costs would lower the signals emitted by multiply infested plants and promote a cry-wolf response.
In our analysis, we have mainly focused on honest and crywolf types of plant responses. Depending on parameter values, however, we also obtained other types of responses, such as what might be called a 'threshold' signalling type: a plant that effectively only signals when it suffers high damage from herbivory (the plant signal is low in the S 0 and S 1 states and particularly high in the S 2 state, i.e. x 0 % x 1 ( x 2 ; I ps % 0). If encounters with herbivores are rare in the habitat (small p b ), the plants may accept the state with a low level of damage (i.e. S 1 ) when the transition to the state with heavier damage is unlikely (i.e. S 2 ). In addition, if the predators are scarce in the habitat (small B), the plants may save signalling costs by reducing signalling at the state with a low level of damage (i.e. S 1 ). Those factors may cause a significant reduction of x 1 , resulting in a threshold response.
In figure 3c , threshold signalling occurs at low predator density, in which the signal tends to attract more herbivores than predators, thus inducing a larger ecological cost, which results in the suppression of the signal in the weakly infested (S 1 ) state. On the other hand, in figure 3a, threshold signalling arises at a low baseline encounter rate with herbivores. This pattern may relate to low predator sensitivity that could evolve owing to inefficiency of sensitivity when plants with herbivores are rare; however, the causality between plant signal and predator sensitivity cannot be clearly stated, because those affect each other in the coevolutionary system.
There are no reports of observations of the threshold type of plant response that our model predicts, but this may simply be due to the fact that not many studies have examined the precise relationship between damage and HIPV signalling. In addition, there may be confounding factors at work: in a heavily damaged plant, many other changes occur, making the changes in signalling intensity less obvious. Nevertheless, we predict that such a strategy can be found in certain types of HIPV systems, in particular those in which the damage from herbivory is not severe and/or potential bodyguards are rare. More precise observations are therefore needed, in particular to elucidate the relationship between the level of herbivory and the level of signalling.
Finally, we should point out that a threshold response is also a deviation from the standard idea of honest signalling as also in this case the plant does not provide accurate information about its level of infestation. In the presence of multiple receivers, it is thus not so obvious whether a particular signalling strategy is a form of cheating or not, which shows that honesty does not necessarily equate with providing accurate information. What matters is whether it is accurate enough for the intended receivers of the signal while not entailing too much additional direct or indirect cost.
(c) Mechanisms resulting in cry-wolf signals in herbivory-induced plant volatile systems
Signalling theory [1, 6, 7, 28] predicts that costly signals must be honest to be maintained by natural selection, because dishonest signals are of no value to receivers and should hence be ignored. The cry-wolf signal as we have defined it is not entirely dishonest because it conveys at least some information about the presence of herbivores. As predators can infer the presence of the prey, though not their abundance, the signal may still be useful for predators (compared with a complete absence of information). In fact, if our model is correct, the cry-wolf strategy may be honest enough in terms of signalling theory because its signal intensity is monotonic, even if not linear, with respect to the damage level. Thus, receivers can, in principle, correctly infer the number of herbivores on the rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20152169
sender by constructing an inverse mapping from perceived signal intensity onto the herbivore number. The problem is that predators are forced to respond linearly to the signal intensity in our model, and perhaps in reality also owing to their limited perception, which means that the signal only appears to be dishonest to predators and also to humans. According to this hypothesis, we should consider that the highly elevated signalling level of lightly damaged plants actually reflects their strong need to be rescued. The take-home message here is that proportionality should not be a criterion to define honesty: what counts is the 'agreed' (i.e. coevolved) relationship between need and signal level, which need not be linear at all. Our model is of course quite specific, but a number of conceptual conclusions of our analysis can be drawn that are of a more general interest. To start with, the meaning of a biological signal is generally taken to be the result of a coevolutionary process between two parties, taking the roles of senders and receivers [29] . Our study shows that the situation may be more complicated when more parties are involved, as in ecology there inevitably are (eavesdroppers, competitors, natural enemies and so forth). A general consequence of our study is thus that what constitutes the 'meaning' of a signal may be much more fleeting and certainly not universal. The only way forward is to concentrate on the decoding process of all the receivers of signals and analyse their responses. Note that in our model, senders can choose their signal intensities freely, but receivers are assumed to respond to signal level by in a linear manner. The next step would therefore be to allow more freedom in the decoding process of receivers.
Finally, it should be noted that the original handicap theory does not take into account all possible ecological feedback loops that may occur in nature and the costs they may entail. Our study suggests that next to physiological costs, the ecological costs caused by (undesirable) actions by other players in the systems may create such feedbacks and may also have to be taken into account.
(d) Inconsistencies between model predictions and observations
Our model predicts that herbivore sensitivity for the plant signal will be higher with honest plants than with cry-wolf plants. This may be because herbivores have to enhance their sensitivity, because plants emit a weaker signal when infected with few herbivores. The bottom row in figure 3a ,b illustrates that with honest plants, the higher sensitivity of herbivore results in a higher ecological cost (the net attraction of herbivores owing to signalling, measured by the product of signal level and herbivore response x Shiojiri et al. [2] reported that HIPVs released by cabbage suggested an honest response against damage from larvae of the cabbage white butterfly, but a cry-wolf response against those of diamondback moth. It is known that diamondback moths and cabbage white butterflies have different preferences. Diamondback moths tend to be attracted to plants infested by conspecifics [30] . This behaviour is therefore as predicted by our model: the moths may track the signal generated by the plants to attract predators (which may be advantageous if the moths have no other means to locate plants). On the other hand, the cabbage whites are reported to have a lower preference for plants with conspecific infestation in comparison with uninfested plants [31] . This is contrary to our predictions, as the herbivore is more attracted by uninfested (S 0 ) plants than by infested (S 1 ) plants (which would require x Ã 0 y Ã . x Ã 1 y Ã , which is inconsistent with our prediction that x Ã 0 y Ã , x Ã 1 y Ã ). In principle, the model could predict a lower attraction of herbivores by the S 2 state than the S 1 state, if they would be strongly selected to use the signal to avoid infested plants; however, this would mean that they would also avoid noninfested plants (which are assumed to produce a baseline level of signal). The avoidance of infested plants by herbivores can therefore be possible only if infested plants would produce a weaker signal than uninfested plants, but such a paradoxical signalling system cannot be maintained: if an infested plant can signal more weakly than an uninfested plant, there is no reason for an uninfested plant not to decrease the signal intensity to the same level.
The observation that herbivores have lower preferences for plants with a conspecific infestation therefore suggests that the cabbage white butterfly bases its decisions on other information than the intensity of the plant signal. The next step leading to a fuller understanding of signalling in tritrophic systems would therefore also incorporate the evolution of kairomones (chemical signals that benefit the receiver but not the emitter) enabling herbivores to focus on uninfested plants.
